Abstract. Focal cortical dysplasia (FCD) presents a strong clinical challenge especially for the treatment of the associated epilepsy. Epilepsy in FCD is often treatment-resistant and constitutes 50% of treatment-resistant cases. Antiepileptic drugs (AEDs) have been widely used in the treatment of FCD. However, evidence to suggest their specific effect on the treatment of FCD remains to be established. In view of this resistance, several alternative treatments have been suggested. Although treatment currently involves surgical management, non-invasive treatments have been identified. The aim of the present review, was to assess non-invasive management strategies including, i) mammalian target of rapamycin (mTOR) inhibitors, ii) ketogenic diet (KD), and iii) vagus nerve stimulation (VNS). In addition, we discussed the literature available regarding the use of AEDs in FCD. Experiments conducted with mammals detailing rapamycin gene mutations in FCD have produced vital information for exploring treatment options using mTOR inhibitors. Of note is the importance of KD in children with FCD. This diet has been shown to modify disease progression by attenuating chromatin modification, a master regulator for gene expression and functional adaptation of the cell. FCD has also been studied widely with neurostimulation techniques. The outcomes of these techniques have been found to be variable. For widespread dysplasias, VNS has been shown to produce responder rates of >50%. Nevertheless, non-invasive cranial nerve stimulation techniques such as transcutaneous VNS and non-invasive VNS are gaining better patient compatibility, albeit their efficacy remains to be established.
Introduction
Intractable epilepsy is a primary challenge in medicine especially with regard to focal cortical dysplasia (FCD). The incidence of FCD is almost 50% of all the cases of intractable epilepsy identified in adults and children. Taylor and colleagues (1) were the first to classify FCD following treatment of 10 patients with developmental malformations. Ever since its nomenclature, FCD has been subjected to re-classifications owing to ongoing advancement in neuroimaging techniques and genetic science (1, 2) . It is useful to consider various diagnostic and treatment modalities available for FCD for an improved therapeutic outcome and treading a path towards restoring normal functioning.
Antiepileptic drugs (AEDs) have been widely used in the treatment of FCD. However, evidence to suggest their specific effect in the treatment of FCD remains to be established. In view of this resistance, several alternative treatments have been identified, particularly surgical management. Non-invasive treatments have also been considered with regard to the management of the disease. Three of these non-invasive management strategies are the focus of the current study: i) Mammalian target of rapamycin (mTOR) inhibitors, ii) ketogenic diet (KD), and iii) vagus nerve stimulation (VNS). In addition, we discussed the literature available regarding the use of AEDs in FCD. Experiments conducted with mammals detailing rapamycin gene mutations in FCD have produced vital information in exploring treatment options using mTOR inhibitors (3, 4) . The importance of KD in children with FCD has also been identified. This diet has shown to modify disease progression by attenuating chromatin modification, a master regulator for gene expression and functional adaptation of the cell (5) . FCD has been studied widely with neurostimulation techniques, the outcomes of which are variable. For widespread dysplasias, VNS has been shown to produce responder rates of >50%. Nevertheless, non-invasive cranial nerve stimulation techniques such as transcutaneous VNS and non-invasive VNS are gaining better patient compatibility, albeit their efficacy remains to be determined.
Pathoanatomy
Prior to proceeding to the non-invasive treatment methods, it is important to understand the pathoanatomy of FCD. FCD per se encompasses a variety of lesions such as cortical dysplasia, cortical dysgenesis or neuronal migration disorder which lead to developmental malformation. The following are the typical alterations: i) Cortical architecture abnormalities: Columnar disorganization (formation of vertically oriented microcolumns consisting of ≥8 neurons) and laminar disruption (alterations in 6-layered tangential composition of the cortex).
ii) Cytological abnormalities: hypertrophic neuron cells, outside the typical location in layer V; immature neurons, round or oval cells with large nucleus and thin rim of cytoplasm, absent in matured cortex; dysmorphic neurons, with abnormal size and morphology of axons and dendrites, as well as increased accumulation of neurofilament proteins; balloon cells, pathognomonic for Taylor-type dysplasia (initially described by Taylor in 1971) (1) , usually large cells with ill-defined membrane, single or multiple eccentric nuclei and eosinophilic cytoplasm, demonstrating immunohistochemical features of neuronal and glial lineage (2) .
FCD has been reclassified in various ways in the last 40 years owing to the wealth of emerging histopathological information. Currently, the scheme followed is the one suggested by Barkovich, modified recently in 2005 (6,7), in which FCD is classified among developmental malformations in group Ib non-neoplastic malformations due to abnormal neuronal and glial proliferation or apoptosis, and IIIb malformations due to abnormal cortical organization. Prior to this development, the widely used histopathological classification (2, 8) iii) Type III involves malformation connected with different cortical dislamination and cytological abnormalities with the main lesion within the same area/lobe. It has been sub-classified into: Type IIIa, cortical dislayering with hippocampal atrophy; IIIb, with glial or glioneuronal tumors (DNET, ganglioglioma); IIIc, with vascular malformations (hemangiomas, arteriovenous malformations and telangiectasias); IIId, acquired at early age (trauma, ischemia or perinatal hemorrhage, infectious or inflammatory diseases) and other non-classified.
The treatment of intractable epilepsy remains largely empirical due to the lack of comparative studies showing the efficacy of multiple newer AEDs. These drugs with their mechanisms of action have opened up avenues for the possible use of their combination for better treatment outcome.
Antiepileptic drugs
In a review of a series of studies (11) conducted on drug-resistant patients, a transient responsiveness to pharmacotherapy was identified in 20 patients (17%), which has been defined as a seizure-free period of ≥1 year. In some of the patients, the seizure-free period lasted 9-12 years. One patient with dual pathology reported a seizure-free period of 28 years. Commonly used drugs in the treatment of drug-resistant epilepsy are broad spectrum AEDs such as levetiracetam, topiramate, and zonisamide for their multiple mechanisms of action.
Motor inhibitors
Medical intractability results in resistance to the conventional actions of seizure medications. However, the mechanism that causes medical intractability is unclear (11) . There are distinct mechanisms involved in the initial development of the epileptic state, or epileptogenesis and for ongoing seizures. Increased neuronal excitability directly stimulates ongoing seizures. A concern regarding medical intractability and disease modification is addressed by modulating the initial signaling pathways that activate downstream mechanisms involved in epileptogenesis and seizure generation, rather than aiming the end-stage mechanisms that control neuronal excitability directly (12, 13) . The signaling pathway involved in epileptogenic processes is the mTOR pathway, which has become the potential novel target for the treatment of epilepsy (4). This review presents evidence obtained from clinical trials and animal models to establish the antiseizure and antiepileptogenic effects of mTOR inhibitors.
The treatment of epilepsy involves the standard clinical approach. When the patient presents with seizures, therapy is initiated to prevent future seizures. This is a traditional approach and a relatively non-specific symptomatic treatment of the end-stage symptoms of epilepsy. In this form of treatment the underlying etiology or pathogenesis is not considered and the antiseizure drugs directly decrease neuronal excitability and suppress seizures in a non-specific manner (14) (15) (16) (17) . The preclinical data with regard to mTOR inhibitors are contradictory as to whether mTOR inhibitors have general anticonvulsant properties, independent of the underlying etiology. Variable and even contradictory results were observed in studies conducted on acute seizure animal models that assessed rapamycin for anticonvulsant effects (3, 18) .
In one such study, the anticonvulsive effect of rapamycin was found to be mild and dependent on other parameters such as the age of the animal, the seizure model tested, and the timing of drug administration (3) . A total lack of correlation between anticonvulsant efficacy and the suppression of mTOR activity was observed in the maximal electroshock seizure-threshold model. Furthermore, a longer treatment with rapamycin, which is expected to have greater mTOR inhibition, was not effective as a single dose, suggesting the non-specificity of rapamycin in terms of its anticonvulsant effects (3).
The conventional antiseizure drugs directly modulate ion channels or neurotransmitter receptors and lead to anticonvulsant effects. There is no convincing evidence that mTOR inhibitors are involved in such mechanisms. However, rapamycin regulates the protein synthesis of ion channels or other relevant proteins and may therefore be able to influence neuronal excitability (18) . Those findings suggest that as an anticonvulsant the role of rapamycin is very minimal and may be effective only under particular circumstances. Thus, mTOR inhibitors may have limited clinical effectiveness as a standard, non-specific antiseizure treatment for epilepsy in general. In specific disorders such as tuberous sclerosis complex (TSC), which involve intrinsic mTOR hyperactivation mTOR inhibitors, may have stronger antiseizure efficacy. However, whether mTOR inhibitors are useful as antiepileptogenic drugs remains to be determined.
Identifying an effective antiepileptogenic drug is crucial since none of the currently available seizure medications have been demonstrated to possess antiepileptogenic or disease-modifying properties for epilepsy (14) (15) (16) (17) . Drugs possessing antiepileptogenic potential are not effective anticonvulsants, since the mechanisms of epileptogenesis are completely different from that of ictogenesis/seizure generation.
Chronic, progressive brain processes such as axonal sprouting, neuronal death, inflammation and autophagy as well as the expression of a variety of proteins mediating epileptogenesis are inhibited by mTOR inhibitors and constitute a likely candidate for possessing antiepileptogenic properties. A number of mouse models of TSC early treatment with mTOR inhibitors prior to seizure onset indicated complete prevention of the development of epilepsy. This finding may also prevent the underlying pathological, cell, and molecular defects that mediate epileptogenesis (4, (19) (20) (21) (22) . mTOR inhibitors do not correct the underlying genetic defect of TSC. Thus, discontinuation of rapamycin therapy in TSC mouse models results in the subsequent emergence of epilepsy with the associated pathological changes. mTOR inhibitors are able to prevent the underlying pathological abnormalities causing epilepsy and may qualify as a true antiepileptogenic or disease-modifying drug. This is completely different from other standard anticonvulsant drugs, which lead to only symptomatic antiseizure effects. Although rapamycin therapy is required continuously to maintain effectiveness, inhibition of the mTOR pathway is a very attractive, rational candidate as far as antiepileptogenic effects is concerned (4, (19) (20) (21) .
In non-TSC epilepsy animal models, there is also substantial evidence for antiepileptogenic properties. In the kainate status epilepticus model of temporal lobe epilepsy rapamycin treatment reduced the development of epilepsy and mossy fiber sprouting (12) . By contrast, in the closely-related pilocarpine model only inhibition of mossy fiber sprouting was observed, whereas epilepsy was not inhibited (23) . When status epilepticus was triggered electrically at the angular bundle (13) rapamycin appeared to attenuate epileptogenesis. However, a similar response was not identified following stimulation of the amygdala. Epilepsy model, species, or dose and timing of rapamycin are variable in each experimental set-up. The differences in the results are potentially attributed to these variables. Notably, the relationship between mTOR and acquired epilepsy following brain injury is not as direct and consistent as genetic epilepsy (4).
Ketogenic diet
Dietary treatments were devised for many neurological conditions such as brain tumors, Parkinsonism, Alzheimer's disease, and amyotrophic lateral sclerosis including epilepsy. The KD was widely used for the treatment of refractory epilepsy in the 1920s. It is a high fat, low carbohydrate, and protein-restricted diet. The use of KD diet decreased as it was considered difficult and unpalatable and was replaced with phenytoin and sodium valproate. Recently, there has been a resurgence in the use of KD in refractory childhood epilepsy with certain modifications such as the modified Atkins diet and the low glycemic index treatment (5).
KD is not widely prescribed by pediatricians and neurologists due to their lack of awareness and acceptability of KD as a treatment modality for epilepsy. Apart from this, acceptance is poor in predominantly vegetarian populations including the Chinese, dieticians are unfamiliar with the KD diet and the unavailability of labelled foods (24).
Composition of KD
KD is available in different combinations. The ratio of the calories varies with the age of the child. KD is a combination of protein, fats and carbohydrate with fats constituting 90% of the calories. A ratio of 4:1 g of fat to protein with additional carbohydrates is the standard combination, although a ratio of 3:1 may be used for younger children. Initially calories are restricted by 80-90% for age, but over time are re-adjusted to facilitate growth (25) . Fluids are not restricted thereof preventing dehydration, constipation and kidney stones. KD requires strict weighing of foods and the calories have to be calculated for individual patients (5, (24) (25) (26) (27) (28) (29) (30) . Acceptance of classic KD is difficult especially for Chinese patients because of the dietary restrictions. Thus, a major prerequisite prior to initiation of treatment is counselling of parents and patients and a trained dietician. The diet becomes successful once treatment parental counselling has occurred, although this approach is time-consuming.
Efficacy of KD
The efficacy of KD has been previously reported. In a study on 317 Chinese children a >50% seizure reduction was observed in 35% of the patients after 3 months, 26.2% after 6 months and 18.6% after 12 months of KD (26) . Another study based on a systemic review reported >50% reduction in 56% of children, >90% reduction in 32% and complete cessation of seizures in 16% of children (27) . A much larger systemic review by Keene (28) on 972 patients reported that at six months, an average of 15.6% of the patients had become seizure-free, while 33.0% were reported to have >50% reduction in seizure frequency after commencing the diet. However, studies did not have control subjects and therefore did not yield good evidence. A randomized controlled study was performed by Neal et al (29) on children receiving KD, in which a treatment group (1-month) and a control group (4-month delay) with no changes in the antiepileptic drugs, although the patients received KD after a 1-month or 4-month delay. In 54 children in the diet group the seizure frequency after four months was significantly lower (38% decrease in seizures) when compared to the 49 controls (37% increase in seizures; P<0.0001) (29) . A Cochrane review reports that short-to medium-term benefits in seizure control were evident following KD and these results were comparable to modern antiepileptic drugs (30) . In 27 children with refractory epilepsy 48% had >50% reduction in seizures, 15% (4 children were seizure-free at 6 months) and after a year 37% had >50% reduction in seizures, and 18.5% (5 children) were seizure-free. This was a prospective study, where 55% remained on KD for 6 months, and 37% remained on KD for 1 year (24) . The aforementioned studies show the efficacy of KD in the treatment of epilepsy and at least a 50% reduction in seizure frequency was observed in patients treated with KD.
Overall improvement was identified in seizure control, cognition and alertness following the use of KD. Prospective studies (5, (24) (25) (26) (27) (28) (29) (30) also reported improvement in developmental quotients, attention, and social function. Various reasons are attributed to the improvement. The overall improvement of the patient may be due to control in seizure, decreased antiepileptic medication, or a non-specific effect of the diet or a combination of all these factors.
Vagus nerve stimulation
VNS is an extracranial form of neurostimulation developed before 20 years (14) that is currently used for the treatment of patients with refractory epilepsy worldwide. This form of treatment is used in patients with refractory epilepsy who are unsuitable for epilepsy surgery or in whom the benefit from such a treatment is insufficient (15) . The earliest study on VNS was reported in patients with focal seizures (16) . Subsequently, it was studied on other types of seizures as well as epilepsy syndromes (17) . The study on focal epilepsy was comparable with the latter study. A seizure frequency reduction by ≥50% was observed in 1/3 of patients and between a 30 and 50% reduction in seizure frequency was reported by another third of patients. Improved seizure control over time was also reported in long-term follow-up studies, although 25% of patients did not experience any positive effect even after long-term treatment by VNS (15) . These results are consistent with those of antiepileptic drug trials in patients with refractory epilepsy. The principle seizure outcome with VNS studies and AEDs is the 'responder rate' (defined as the proportion of patients who have a ≥50% reduction in seizure frequency). Seizure-free rates are usually <5% (31).
Engel et al suggested the Engel classification scale. This is a standard outcome scale after resective epilepsy surgery. This classification is used by most trials and case series in epilepsy surgery (32) . This scale divided patients into four groups based on the outcome. Class I was patient-free of disabling seizures. This category included patients with no seizures, simple partial non-disabling seizures only, and/or a seizure-free period of ≥8 months at the point of latest assessment. When patients had rare seizures at a frequency of three or less per year, they were classified as class II. A reduction in seizure frequency or seizure intensity improving the patient quality of life, was classified as class III. No reduction in seizure frequency or if the reduction was limited to such as extent that it did not improve day-to-day functioning, they were classified as class IV. The Engel classification takes into consideration seizure frequency as well as the impact of seizures on the quality of life. It has been found that 50-65% of patients report class I outcomes and approximately 80% of patients report a combination of class I and II outcomes (32) .
Options are limited in patients with unresective seizure foci and failed resective surgery. Most studies report <50% of patients having a 50% reduction in seizure frequency even with drug trials (33) (34) (35) . No significant results were reported with other surgical options such as callosotomy, subpial transsections, and experimental surgical treatments such as deep brain stimulation (33) (34) (35) , However, with VNS 18% had very good outcomes and another 49% showed improvement.
VNS was programmed at a significantly lower output current in patients with better clinical outcomes than patients who had a poorer outcome. A decrease in the seizure rate reduction from 36% after 3 months to 85% after 12 months of follow-up was observed in 13 patients who remained on the identical VNS settings and AED regimen (36) .
A retrospective study (36) (37) (38) on a large group of patients have been useful in identifying VNS responders. However, one of the difficult issues in VNS treatment is the identification of subgroups most likely to benefit, prior to implantation. The absence of bilateral interictal epileptiform discharges was associated with a statistically significant increase in the likelihood of a seizure-free outcome. After VNS, the absence of bilateral interictal epileptiform discharges was associated with a statistically significant increase in the likelihood of a seizure-free outcome (37) . Class I or II outcome was observed in a larger proportion of patients with normal intelligence. However, VNS is currently being recommended for mentally impaired patients as there is 50% chance for a class III outcome with a significant improvement in their mood and overall condition (38).
Conclusion
The treatment-resistant epilepsy in FCD is a difficult challenge for the treating neurologist. Recently, several non-invasive techniques have been used for the treatment in such cases. Of all the novel techniques, three specific forms in the form of Vagal nerve stimulation, KD and mTOR inhibitors seem to be promising due to the plethora of results showing their efficacies. Further studies are required regarding these treatment modalities to obtain more robust data so that these forms can be used for the treatment of resistant epilepsy cases of FCD.
